To assess infrainguinal arterial reconstructions by intraoperative fl owmetry under the distal anastomosis using a fast Fourier transformation; calculate and compare the amplitude ratios of peripheral arterial blood pressure and volume fl ow before and after drug-induced vasodilation of occluded bypass grafts and bypass grafts that have been patent at least for 1 year. To fi nd what magnitude of the change of these ratios indicate a long-term patency of the bypass grafting. PATIENTS AND METHODS: We compared the results of the intraoperative fl owmetry tests of 97 patients with infrainguinal arterial reconstructions. The patients were divided into two groups based on the graft status: the grafts in 49 patients were patent for at least a year, and 48 patients had failed bypass. We used a fast Fourier transform (FFT) of the pressure and blood fl ow waves and compared the ratios of their amplitudes before and after administration of a vasodilator drug into the graft. Comparing the ratios obtained before and those after administration of the drug we quantifi ed their change in each group and analysed them. RESULTS: After a drug-induced vasodilation, the blood pressure and fl ow amplitude ratios for the group with compromised reconstructions were less than 1.9 times smaller than those before drug infusion, while for the group with bypass grafts that had been functional for at least 12 months the ratios declined by more than 1.9 ≈ 2 times. CONCLUSION: The magnitude of the change of amplitude ratios of the peripheral pressure and volume fl ow after drug-induced vasodilation can be used to make an assessment of the bypass graft and the distal arterial segment.
INTRODUCTION
Infrainguinal revascularisation procedures are performed in patients with symptomatic peripheral arterial disease. Although they are mostly successful in a technical aspect, the failure rate of such a surgery even with a venous graft is still rather low, in the range of 20 to 40%. 1, 2 The reasons for the low rate of success are not quite clear; it is suggested, though, that the factors affecting the outcome of graft surgery are the type of graft chosen, the adequacy of infl ow, outfl ow and the technical execution of the operation. 3, 4 A great deal of effort goes into assessing the outcome of revascularisation procedures during surgery. The methods employed to do this include angiography, measurement of blood fl ow, the waveform56, the blood fl ow velocity7, the resistance8-10 and impedance 11,12. The peripheral vascular resistance (PVR) gained signifi cance in the evaluation of bypass patency in the past century; it is now measured differently at the different health-care facilities. To assess the distal vascular segment, Ascer and other researchers 13, 14 measured the PVR (the linear vascular resistance according to Ohm's law) that is defi ned by a ratio of the blood fl ow and blood pressure in a continuous fl ow vascular system. They measured the outfl ow resistance in the area where the distal anastomosis was performed before and after druginduced vasodilation with papaverine hydrochloride, but the results they got were contradictory and of no practical application.
These contradictory, inaccurate and misrepresentative data for the outfl ow PVR measured by applying Ohm's Law can be accounted for by the fact that in vivo blood does not fl ow in a constant manner, it fl ows in pulses, that is, there is a combination of oscillating vibrations and a constant fl ow in the elastic vessels fi lled with the blood.
For a pulsatile flow in a non-linear system neither Ohm's Law nor Poiseuille's equations apply. As the vascular system is rather specifi c, we must take into account and calculate not only the absolute values of pressure and fl ow, but also the time confi guration of the pressure and fl ow curves using the fast Fourier transformation so that we can describe relatively accurately the real hemodynamic relationships.
There is a wide consensus about the role of the vascular status distally to reconstruction area for the proper graft function. 15, 16 Every bypass has a critical run off. A fl ow smaller than the critical fl ow leads to thrombosis. 17 The hemodynamic success concerns the entire limb for which reason distal sites are used for monitoring. The run-off status after surgical and endovascular revascularization is of major importance for the primary and secondary patency and limb salvage. 18, 19 
AIM
Therefore we set out to explore how FFT can be applied in the analysis of peripheral mean arterial pressure (MAP) and mean blood volume fl ow (MVF): to compare their amplitude ratios before and after drug-induced vasodilation, measured during intraoperative fl owmetry under the distal anastomosis of the bypass and determine the magnitude of the change of these ratios that may predict failure or long-term patency of the bypass graft.
PATIENTS AND METHODS
The study included 97 patients (89 men and 8 women, mean age 66 years, range 45-83 years) whose graft status was routinely assessed by intraoperative fl owmetry. We compared retrospectively the intraoperative fl owmetry data for all failed bypass grafts in the order of the time of their diagnostic (32 with thromboses of the graft and 16 with stenoses of the distal anastomosis) with the fl owmetry results for 49 patients with patent bypass grafts in the order the latter were made and that had been patent for at least 12 months. No thromboses and stenoses were registered after 8 months. Stenotic patients that wanted no corrective procedures but later were found to have thrombosis were considered as patients with thrombosed bypass grafts. Only patients who were not regular at their control examinations were excluded. Control examinations were performed monthly and included duplex ultrasonography and measurement of the ankle-brachial index.
Translocated great saphenous vein was harvested for 42 reconstructions, an in situ venous graft was used in 2 reconstructions, and the reversed saphenous vein -in 4 reconstructions. The small saphenous vein was harvested for 4 bypass graftings. Polyester grafts were used in 20 reconstructions, polytetrafl uoroethylene (PTFE) grafts -in 16 patients; PTFE reinforced grafts were implanted below the knee in three patients because there was no suffi cient vein available.
The proximal anastomoses in 73 patients were made at the level of the common femoral artery. In 16 patients it was the popliteal artery above the knee (P1 segment), in 7 patients -the popliteal artery below the knee (P3 segment) and in one Distal anastomoses were made on the popliteal artery above the knee (P1) in 43 reconstructions, below the knee in P3 segment in 30 reconstructions and in the tibial arteries -in 23 bypass graftings. To make a distal anastomosis, the posterior tibial artery was used in 12 reconstructions, the anterior tibial artery -in 8 reconstructions, and the fi bular artery -in 4 reconstructions (Fig. 1) .
We found 16 stenoses of the distal anastomoses -6 stenoses in the tibial artery (autovenous graft), 7 stenoses of the P1 segment (2 stenoses in autovenous grafts, 5 stenoses in polyester grafts) and 3 stenoses of the popliteal artery below the knee with autovenous graft (P3). We diagnosed also 32 graft thromboses in the distal anastomoses: in 12 patients they were in the tibial arteries (autovenous graft), in 11 patients the thromboses were below the knee joint in the P3 segment (three of these were done with PTFE reinforced grafts, and 8 with autovenous grafts) and 9 thromboses above the knee joint of the popliteal artery (11 with autovenous grafts, 3 with PTFE grafts, and 5 with polyester grafts).
A fast Fourier transform of the peripheral MAP and MVF waves was employed to assess the infrainguinal arterial reconstructions under the distal anastomosis measured with VeriQ 2111 fl owmeter. The VeriQ 2111 fl owmeter has two MVF channels, one MAP channel, and an ECG channel for synchronisation and differentiation of systolic from diastolic blood fl ow. To gauge the amplitude ratios we used a 20-sec record at a frequency of 20 Hz.
The MVF probe was placed on the artery under the distal anastomosis, while the MAP measuring cannula was positioned as close to it as possible through the graft or a venous branch. We measured MVF and MAP before and after infusing a vasodilator drug in the graft. Two prostaglandin drugs were used as vasodilators in the study: prostavasin (PGE 1 ) or ilomedin (PGI 2 ). The values read before administration of the drug were the baseline values while those read after the drug infusion were designated as prostaglandin values.
The fl owmeter computes automatically the ratio between the basic amplitude -F 0 (Xc1), characterising the non-pulsatile component and the fi rst harmonic -H 1 (Xc2), characterising the pulsatile component, for the pressure and blood fl ow waveforms -F 0 /H 1 = Xc1/Xc2.
The amplitude ratios (F 0 /H 1 ) of blood fl ow (Q) and pressure (P) and the changes after PG infusion were calculated and compared by determining the peripheral vascular resistance -P/Q. The amplitude ratios of pressure and blood fl ow were calculated before PG administration:
and after PG administration:
The results we obtained for the ratios before infusion were compared with those after infusion, thus quantifying the changes in each group after administration of the drug: for obstructed bypass grafts and for patent bypass grafts.
The results were analysed with SPSS v. 12 and STATISTICA. The means and standard deviations were calculated. The Kruskal-Wallis test and ANOVA were used to compare variables before and after drug-induced vasodilation in both groups of bypass grafts (patent and non-patent); the level of signifi cance was set at p = 0.0001.
All lab studies and the follow-up of the patients were conducted in the Vascular Surgery Unit in St Marina Hospital in Varna in full accordance with the ethical standards and assuring the rights, safety and well-being of patients as evidenced in the approval by the Ethics Committee of Varna Medical University, Bulgaria (BBK-99-736). 
RESULTS
The changes in MVF amplitude ratios after druginduced vasodilation differ from the changes in MAP amplitude ratios (Fig. 2) . In both groups of grafts the differences in the MAP amplitude ratios did not reach signifi cance after PG administration ( The prostaglandin values of blood fl ow amplitude ratios were higher than those at baseline (Fig. 4) . This can be accounted for by the smaller differences between the amplitudes which leads to smaller values of the ratios F 0 /Н 1 . There was no statistically signifi cant difference between the two groups after PG was administered into the graft -F( We compared the amplitude ratios of pressure and blood fl ow before and after PG infusion and determined the differences in the groups (Fig. 5) . The difference in the non-patent bypass grafts was not signifi cant -F(1.94) = 4.0481, p = 0.0471; KW-H(1.96) = 3.2107, p = 0.0732 while it was signifi cant in the group of functioning grafts -F(1.96) = 157.5562, p = 0.0000; KW-H(1.98) = 68.2401, p = 0.0000.
To fi nd at what magnitude of the change of baseline results we can expect that the reconstructions can function longer we determined the ratio of the results we obtained before and after application of PG for each group separately and compared them -the difference was signifi cant -KW-H(1.98) = 68.2401; p = 0.00000 (Fig. 6) .
The amplitude ratios of blood pressure and fl ow before and after administration of PG decreased more than 2 times for the compromised grafts. Several values from 1.5 to 1.9 times decrease of the between-group ratios overlapped, but most of the results for the functioning bypass grafts decreased more than 2 times after PG infusion.
DISCUSSION
The lower limb blood fl ow depends on the popliteal branches length and on the fl ow passing through the proximal arteries. Because of this any disorder in the arteries in the run-off segment can limit the outfl ow in spite of the newly restored conditions in the proximal arteries. If the affected arteries are the distal arteries the resistance to the antegrade fl ow is greater. In such cases they are a crucial factor for the success of the bypass. 20, 21 We decided to explore the use of the fast Fourier transform to assess the infrainguinal arterial reconstruction by using intraoperative fl owmetry under the distal anastomosis. We set out to determine at what change of the MVF and MAP amplitudes we can expect compromising events or long-term patency of the bypass graft comparing the data for the compromised bypasses and the rest of the reconstructions for at least 1 year. We took into account the change in the fi rst harmonic amplitudes (H 1 ) as a result of the peripheral vasodilation and their ratio with the basic amplitudes (F 0 ), which change very little or remain unchanged (characteris- ing the non-pulsatile component of the waveform). We found a signifi cant difference in the baseline values of MVF amplitudes between the two groups (Fig. 4) . This can be explained by the intact elasticity of the distal arterial segment and a manipulation-induced spasm and the ischemic status of the patent bypass grafts. The higher prostaglandin values were associated with the greater decrease of H 1 amplitudes, which shows that prostaglandin has a better vasodilating effect in spasm-affected but not damaged peripheral arteries. In failing bypass grafts, H 1 changes less because of the reduced elasticity of the disease-affected arteries.
After we administered the drug, the MAP decrease was not great (down to 20 mmHg) which explains the non-signifi cant changes in the amplitude ratios for both groups.
The main objective of the study was achieved by calculating and then comparing the changes in the pressure and blood fl ow amplitude ratios in the groups before and after PG infusion. We found that a post-PG infusion decrease of these changes of more than 1.9 ≈ 2-fold was predictive of a longer term patency of the graft, while bypass grafts were at a greater risk of failing to function properly if the decline was smaller.
This conclusion is based on the better infl ow, the graft and the quality of the distal arterial segment, being impossible at the same time to predict the progression of the disorder that has caused the abnormalities in the blood supply of the operated limb. A reduced infl ow and a pressure next to the anastomosis that is lower than the brachial pressure are indicative of a problem beyond the area of measuring -inappropriate harvesting artery for the proximal anastomosis, stenotic ally constructed anastomoses, torqued and poorly positioned graft or an inappropriately selected graft.
If the results predict bad or unstable prognosis we should make an intraoperative morphologic assessment, and, if possible, a revision of the grafting (adjustment of the graft position, replacement or extension of the graft, an assessment of the level and quality of the anastomoses) or prescribing a complementary drug treatment and postoperative monitoring of the patients.
It is widely accepted that a bypass graft surgery can provide long-term patency if all high-degree stenoses are dealt with in a timely manner. The two major modalities employed to manage critical stenoses are percutaneous transluminal angioplasty (PTA) 22, 23 and/or a surgical approach (using a patch technique 24 , extension to another artery or a rebypass surgery). Vein patch plasty was used in the revision of two of the stenoses in the distal anastomoses, but PTA had to be performed a few months later and an extension of the bypass grafts after that. All other stenoses were managed by PTA; 11 patients had to undergo repeat surgeries at an interval of 4 to 7 months or extension of the bypass grafts, which supports the fi nding that the disorder-affected run-off leads to stenosis or thrombosis. The revisions we performed for the thrombosed bypass grafts did not have a long-term effect, which was the reason why we attempted, in the cases where it was possible, a new reconstruction or extended the graft to an intact distal arterial segment.
We believe that intraoperative fl owmetry and FFT can play a role in differentiating the bypass grafts with a greater risk of stenosis and thrombosis that need to be followed up more closely in the postoperative period because invasive surgery procedures or operative revisions of limited stenoses are more effi cacious, less traumatic and economically more advantageous than those of already thrombosed grafts.
CONCLUSIONS
The statistically signifi cant difference we found between the baseline and PG amplitude ratios of blood pressure and fl ow for the functioning bypass grafts is a result of the greater decrease of the fi rst harmonic amplitudes of blood fl ow after vasodilatation; it shows that the arteries under the distal anastomosis have preserved their elasticity intact. If the results after PG infusion are more than 1.9 ≈ 2 times smaller than those before the infusion the bypass graft in the reconstruction is going to be functional for a longer term. The evaluation of the bypass patency will be much more effective if the software of the machine for automatic calculations is improved.
The change in the amplitude ratios of the FFTtransformed signals for the peripheral pressure and mean volume fl ow measured in the distal anastomosis of infrainguinal bypasses after drug-induced vasodilation can be used to assess the bypass grafting and the distal arterial segment.
